Abstract. From various draw-bend friction tests with sheet metals at lubricated conditions, it has been unanimously reported that the friction coefficient increases as the pin diameter decreases. However, a proper explanation for this phenomenon has not been given yet. In those experiments, tests were performed for different pin diameters while keeping the same average contact pressure by adjusting applied tension forces. In this paper, pressure profiles at pin/strip contacts and the changes in the pressure profiles depending on pin diameters are investigated using finite element simulations. To study the effect of the pressure profile changes on friction measurements, a non-constant friction model (Stribeck friction model), which is more realistic for the lubricated sheet metal contacts, is implemented into the finite element code and applied to the simulations. The study shows that the non-uniformity of the pressure profile increases and the pin/strip contact angle decreases as the pin diameter decreases, and these phenomena increase the friction coefficient, which is calculated from the strip tension forces using a conventional rope-pulley equation.
INTRODUCTION
In draw-bend friction tests, friction is measured between a metal strip and a cylindrical pin while the strip slides and bends around the pin.
FIGURE 1. Schematic of draw-bend friction test
General steps for conducting a draw-bend friction test are: 1) Both ends of a strip are clamped to the inlet and outlet grips. 2) While fixing the outlet end, the inlet end moves until the strip reaches the desired tension.
Inlet end
3) Outlet end moves with prescribed velocity and the inlet end follows keeping a constant tension force so that the strip slides over the pin. The inlet and outlet strip tension forces are recorded to measure the friction coefficient.
From the measured inlet and outlet tension forces, a friction coefficient is calculated. The difference between these two forces comes from two sources, friction and bending. A bending force is obtained from the test with a freely rotating pin. Then the average contact pressure B F P and friction coefficient µ are calculated according to the following formulas. [1] ( ) It is worth noticing that Equation (1) is derived from a system force balance and gives the averaged value of the pressure distribution at the pin/strip contact. In the draw-bend friction tests with different pin diameters, this fact is often ignored so that pressure profile changes depending the pin diameters have not been included in the analysis of the test data. From various draw-bend friction experiments, where the average contact pressure from Equation (1) had been kept constant, it has been reported that the friction coefficient increases as the pin diameter decreases [2] [3] [4] [5] [6] . However, a proper explanation for this phenomenon has not been given yet. The purpose of this paper is to study the effect of pressure profile changes for different pin diameters on friction measurements using 3D finite element simulations. A non-constant friction model (Stribeck friction model), which is more realistic for the lubricated sheet metal contacts, is implemented into the finite element code and applied to the draw-bend friction test simulations. Using the same Stribeck friction data as input, simulations are performed for three different pin diameters (0.5″, 1″, 1.5″) and the friction coefficients are calculated from force data obtained from the simulations using Equation (2) . Contact pressure profile for each pin diameter case is investigated in detail and compared with the obtained friction coefficient, and the effect of pressure profile change on the friction measurement is discussed.
FINITE ELEMENT MODELING
Models were prepared for three different pin diameters (0.5″, 1.0″, 1.5″) as shown in Figure 2 . Top halves of the geometries were modeled to exploit the symmetry condition. In the 0.5″ pin case, the strip consisted of 3,744 3D (brick) elements (four elements through the thickness). In the longitudinal direction of the strip, mesh was refined (100 elements in 25 mm distance) at the region where the strip would experience the bending and unbending deformation as shown in Figure 2 . A less number of elements (eight) were used over the width because the deformation in this direction is minor compared to the longitudinal direction. The pin was modeled as a rigid surface with 2D elements. In the other two cases (1″, 1.5″ pins), the length of the finely meshed part was increased to 50 mm and 75 mm while keeping mesh sizes equal to the 0.5″ pin case. Stress-strain data were selected from available experimental results at hand for aluminum sheets ( Figure 3 ) and an isotropic elastic-plastic material model was used. All simulations were performed with a finite element software called H3DMAP [7] , which uses an explicit solution method that is well suited to large deformation problems. The simulation begins with an unbent strip model. In step 1), while fixing the inlet end, the outlet end is loosely bent around the pin by applying a circular motion to outlet end nodes. In step 2), nodes at the outlet end move until the inlet tension force (back tension) reaches a certain value (to achieve average contact pressure of 10 MPa). In step 3), the outlet end moves with a defined velocity (50 mm/sec) while the inlet end follows with a constant tension force.
STRIBECK FRICTION MODEL
It is well known that the friction coefficient is a function of process variables such as contact pressure, sliding velocity, and lubricant viscosity. For lubricated surfaces, the friction coefficient can be described as a Stribeck curve [8] as shown in Figure 5 . In Stribeck curves the friction coefficient µ is plotted against a lubricant number L, which is given by
where ν is sliding velocity, P is contact pressure, η is lubricant viscosity, and R is surface roughness. The Stribeck curve can be fitted by the following function [9] .
where BL µ and EHL µ are the friction coefficients at the boundary and hydrodynamic lubrication regimes. and are the lubricant numbers at the transition between lubrication regimes. These parameters are experimentally decided by selecting the parameters that best fit friction test data. Emmens [10] and Haar [9] obtained Stribeck friction curves for various steel strips with their strip-draw type friction experiments.
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The Stribeck friction model was implemented into the finite element code H3DMAP [7] by modifying the existing Coulomb friction model. Instead of constant µ , Equation (4) was used to determine the variable µ , which is dependent on the contact pressure and sliding velocity. For contact pressure, the data calculated for each of the contacting nodes in the contact algorithm were used. But for the sliding velocity, a constant value was applied as a simulation input because all the simulations in this study were performed at a constant velocity condition.
To test the applicability and accuracy of the implemented model, a strip-draw type friction test was simulated as shown in Figure 6 . Then, the friction coefficients were calculated from the obtained forces by Figure 7 shows the plots of the original input Stribeck curve and the calculated friction coefficients. The input friction curve was well reproduced from the simulations. 
SIMULATION RESULTS SIMULATION RESULTS
The draw-bend test simulations were performed with the implemented Stribeck friction model for different pin diameters shown in Figure 2 . Simulations were also performed with a Coulomb friction model and at a frictionless condition.
Simulation Inputs and Conditions Simulation Inputs and Conditions
For the input Stribeck curve, the friction experiment data with steel strip by Haar [9] were used ( Table 1) . The simulation procedures shown in Figure  4 were followed. As in the experiments, simulations had to be repeated with different back tension forces to achieve the average contact pressure of 10 MPa for each pin size, applying the Equation (1). Because of the increased area of contact, greater tension forces were required for larger pins to obtain the same average contact pressure. In simulations with a Coulomb friction model, a constant of 0.1 was applied for the friction coefficient. For Coulomb friction and frictionless cases, the simulations were run with the same back tension forces as in the Stribeck friction cases.
For the input Stribeck curve, the friction experiment data with steel strip by Haar [9] were used ( Table 1) . The simulation procedures shown in Figure  4 were followed. As in the experiments, simulations had to be repeated with different back tension forces to achieve the average contact pressure of 10 MPa for each pin size, applying the Equation (1). Because of the increased area of contact, greater tension forces were required for larger pins to obtain the same average contact pressure. In simulations with a Coulomb friction model, a constant of 0.1 was applied for the friction coefficient. For Coulomb friction and frictionless cases, the simulations were run with the same back tension forces as in the Stribeck friction cases. 
Tension Forces and Friction Coefficient Calculation
Figures 8, 9, and 10 show the outlet tension forces at step 3) of Figure 4 for Stribeck friction, frictionless, and Coulomb friction cases compared to the applied back tension force. The first unsteady portions of them have less physical meaning because friction conditions were applied only in step 3) after the step 1) and 2) had been run at frictionless conditions. Tension forces were decided by averaging the last one-third portion of the data, which is regarded as in a steady state, and the friction coefficients were calculated from the tension forces using the Equation (2) . Figure 11 shows the calculated friction coefficients for three pin diameters with Coulomb and Stribeck friction models.
In the Coulomb friction cases, the input friction coefficient of 0.1 was well reproduced (95 to 97%). But in the Stribeck friction cases, the obtained coefficients decreased monotonically for the increasing pin diameters even though the simulations were performed with the same average contact pressure (10 MPa) and Stribeck friction input data. It agrees with experimental observations [2] [3] [4] [5] [6] . In Figrue  12 , the calculated friction coefficients were plotted compared with the input Stribeck curve. The dotted line shows the simulation conditions and the friction coefficient decided by the Stribeck curve with the conditions. This graph shows that the obtained friction coefficient comes close to the coefficient decided by the Stribeck curve. 
Contact Pressure Profiles
Local axis systems were defined for elements in the strip model. These axes rotate with elements through deformation and let the stresses in through-thickness direction at the contact interface represent the contact pressures. Figure 13 shows the contact pressure distribution of the 0.5″ pin case with Stribeck friction at an instant shown on the small picture. There is not much difference in pressure distribution between Stribeck and Coulomb friction cases. The pressure profiles are quite non-uniform both in longitudinal and transverse directions. The real contact angle is much less than the geometric wrap angle of 90°. There is no contact along the strip edge because of the outward deformation of the strip edge, which is known as the anticlastic curvature of a bended strip [11] . In Figures 14, 15 , and 16 contact pressure profiles of element rows in 90° wrap angle area were plotted for each pin diameter case. It is seen that the contact pressure profiles are quite different even though the average contact pressure was set equal to 10 MPa for all the cases. As the pin diameter increases, the real contact area spread closer to the geometric wrap area of 90° and contact pressure profiles become more evenly distributed at around 10 MPa.
The pressure profile changes depending on pin diameters explain the phenomena shown in Figure 12 . Pressure peaks that appear in smaller diameters raised the friction coefficients in Stribeck model cases, where the friction coefficient increases as the contact pressure increases.
CONCLUSIONS
A non-constant friction model (Stribeck friction), which is more realistic than constant friction model (Coulomb friction), was successfully implemented into the explicit finite element code and applied to the draw-bend friction test simulations.
The simulation study showed that contact pressure profiles in the draw-bend test are non-uniform with less real contact angle than the geometric wrap angle. The non-uniformity becomes more severe with decreasing pin diameter, increasing the calculated friction coefficient. These phenomena observed from detailed simulations with Stribeck friction model account for the experimental observation of increase in the measured friction coefficient as the pin diameter is decreased. 
